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Abstract 

This study provides an empirical assessment of emerging opportunities and offers a conceptual 
framework for understanding the potential impacts of climate-smart agriculture (CSA) adoption on 

agricultural productivity and environmental sustainability. Focusing on Uzbekistan, the research 

employs quantitative analysis of farm-level data, adoption gradient modeling, and return-on-
investment (ROI) estimation to examine how CSA technologies influence key farm-level outcomes, 

including yields, income, resource-use efficiency (RUE), soil erosion, and water quality under world 

constraints. In cotton-wheat systems, the usage of six or more CSA is associated with a 71% increase 
in farm income, a 43% rise in crop yields, and a 48% improvement in resource-use efficiency (RUE), 

compared to farms with low levels of CSA usage. Fertilizer micro-dosing is associated with an 

average increase in cotton yields of 245.8 kg ha⁻ ¹ yr⁻ ¹ and delivers a ROI of 456%. Multivariate 
regression models account for 57.3% of the variation in yield and 61.8% in farm income, 

underscoring the explanatory power of CSA adoption patterns. Comparative analyses demonstrate 

that organic matter-based practices consistently outperform capital-intensive alternatives in both 
economic and environmental terms. The methodological approach integrates monitoring, reporting, 

and verification (MRV) indicators, payback period estimations, and threshold analyses tailored to 

risk-sensitive smallholder contexts. The findings provide robust empirical support for evidence-
informed CSA policy formulation, including the design of targeted subsidies, extension services, 

and investment strategies in Uzbekistan. By reconciling global CSA implementation paradigms with 

localized constraints, the study generates scalable and empirically validated approaches, offering 

methodological relevance for analogous agroecological and institutional contexts. 
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1- Introduction 

Accelerating climate change increases the vulnerability of agricultural and food systems. The sector faces growing 

threats from extreme heat, prolonged droughts, and erratic precipitation patterns while simultaneously contributing to 
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anthropogenic greenhouse gas emissions, primarily through the use of synthetic fertilizers and associated soil 

degradation processes. This dual challenge has become a central focus in interdisciplinary research [1-7], framed as an 

imperative for transitioning toward CSA: an integrated architecture of technological and management solutions designed 

to increase productivity, strengthen resilience to climate stressors, and reduce carbon footprints. Comprehensive 

assessments by the Intergovernmental Panel on Climate Change (IPCC) in its Sixth Assessment Report (AR6) 

systematize data on emissions from agriculture, forestry, and other land use (AFOLU). AFOLU accounts for 

approximately 13-21% of global greenhouse gas emissions, with soil nutrient management identified as a key driver of 

nitrous oxide (N₂ O) emissions [8]. 

These challenges are intensified by water scarcity, declining water quality, widespread soil salinization, and 

institutional constraints in water governance systems in countries with irrigated agriculture [9, 10]. Given these 

pressures, the agricultural sector plays a vital role in ensuring food security, advancing sustainable development 

principles, and mitigating the impacts of climate change [11-13]. Achieving these objectives requires a comprehensive, 

coordinated, and multilevel approach involving public authorities, the scientific community, and agricultural producers 

[14-16].  

CSA represents an integrated approach designed to enhance sustainable agricultural productivity and incomes while 

concurrently building adaptive capacity to climate-related risks and mitigating anthropogenic greenhouse gas emissions 

within resource constraints and through standardized performance metrics [17, 18]. In irrigated farming systems, CSA 

is operationalized via synergistic packages of technological and institutional innovations metrics [19]. These include 

precision agriculture techniques leveraging geospatial tools and remote sensing to optimize field-level interventions, 

alongside digital monitoring infrastructures that employ sensor arrays to track soil moisture, water fluxes, and energy 

dynamics in real time. Advanced decision-support systems, increasingly powered by artificial intelligence, enable 

dynamic irrigation scheduling, nutrient optimization, and crop protection tailored to evolving climatic and biophysical 

conditions. Complementary irrigation strategies refine water application through deficit irrigation, evapotranspiration-

based scheduling, and pressure regulation, enhancing water-use efficiency and conserving energy [20, 21]. At broader 

hydrological scales, CSA encompasses salinity management and coordinated surface-groundwater use to preserve 

resource integrity. Biologically grounded practices, including stress-resilient genotypes, agroforestry, conservation 

tillage, and soil organic carbon restoration, further reinforce system resilience. To address climate and market 

uncertainties, CSA integrates risk management frameworks such as index-based insurance, livelihood diversification, 

cooperative resource sharing, and digitally enabled service platforms, thereby fostering ecological and socio-economic 

robustness across agricultural landscapes [22-27]. 

The achievement of CSA objectives is verified through a measurement, reporting, and verification approach centered 

on key performance indicators: crop yield and profitability; resilience and risk exposure indices; water productivity (kg 

of output per m³ of water); water balance and quality (including salinity dynamics); carbon and nitrogen footprints 

(CO₂ -eq, N₂ O, CH₄ ); biodiversity; and soil health. The CSA architecture relies on institutional compatibility (water 

rights, tariff and regulatory provisions, data standards, and access to finance and insurance) and operates across multiple 

scales, from field and farm to irrigation systems and watershed levels. Crucially, it requires context-specific adaptation 

to local agro-climatic and socio-economic conditions [28-31].  

The integration of CSA practices into production agro-systems directly aligning with the United Nations Sustainable 

Development Goals (SDGs), particularly Zero Hunger (SDG 2) and Climate Action (SDG 13) [32]. Contemporary meta-

analyses and thematic scientific reviews consistently report that, on average, CSA practices triple crop yields and 

household incomes, double farm-level resource-use efficiency, and significantly improve household resilience. 

However, trade-offs exist between maximizing total productivity, saving water, and implementing costs [14, 33, 34]. By 

adopting CSA, nations can work toward achieving multiple (SDG), including SDG 1 (no poverty), SDG 2 (zero hunger), 

SDG 7 (affordable and clean energy), and SDG 13 (climate action) [35, 36]. 

Despite a growing body of research, institutional and financial constraints have hindered the widespread scaling of 

CSA. Key barriers include weak coordination among government programs; subsidies not linked to climate outcomes; 

high transaction costs for smallholder farms; limited access to finance; and a lack of standardized measurement, 

reporting, and verification (MRV) data at the local level [10, 14]. Scientific evidence indicates that CSA adoption is not 

only multi-level but also shaped by a specific configuration of determinants across the entire value chain (from farm 

production to processing and retail), with reproducible drivers at each stage [37-41]. Significant farm-level factors 

include farmer education, agricultural experience, labor availability, farm size, and mechanization. At the technological 

level, enabling conditions include digital infrastructure, access to precision agriculture services, and technology 

compatibility [42-44]. Access to credit and insurance, as well as subsidy structures, influence the financial level. The 

intensity of extension services, participation in farmer groups or cooperatives, and engagement with digital platforms 

play critical roles at the informational level [45-47]. Contract farming arrangements with processors or retailers, and 

price premiums for quality or sustainability enhance market adoption. Finally, program stability and policy coherence 

are essential at institutional and policy levels. 
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While financial constraints undeniably influence the adoption of CSA technologies, empirical findings suggest that 

economic considerations alone do not adequately capture the complexity of adoption itself. In particular, the limited 

uptake of technically sound yet underutilized practices, such as cover cropping and solar-powered irrigation, reflects the 

salience of non-financial barriers operating at the cultural, cognitive, and institutional levels. 

Solar irrigation technologies, which are theoretically attractive because of their long-term economic and 

environmental benefits, face a parallel set of obstacles. Many farmers reported a limited technical understanding of 

system design, maintenance, and payback mechanisms, contributing to perceived risk and reluctance. This knowledge 

gap was further exacerbated by the absence of localized demonstration plots and credible peer adoption examples, which, 

according to diffusion of innovation theory [48], are critical for reducing uncertainty and facilitating social learning. As 

a result, even farmers with access to capital expressed hesitation, reflecting not just informational constraints but deeper 

cognitive inertia and status quo bias. 

Institutional constraints reinforce these dynamics, and this study reveals systemic gaps in the availability of skilled 

extension personnel capable of supporting CSA diffusion, particularly for advanced or non-traditional technologies. 

Bureaucratic rigidity in the administration of subsidies and credit programs imposes transaction costs that 

disproportionately affect smallholders. These structural deficiencies reduce the accessibility and perceived attainability 

of CSA interventions even when they are agronomically and economically viable. 

These findings highlight the need for a more holistic, system-oriented approach to CSA promotion. Interventions 

focused solely on financial incentives are unlikely to achieve widespread and sustained adoption without parallel efforts 

to enhance technical capacity, address cultural misalignment, or reform institutional delivery mechanisms. 

Understanding CSA adoption as a socially embedded, cognitively mediated process underscores the importance of 

integrating behavioral insights, peer-based knowledge transfer, and co-designed demonstration efforts [49]. Future CSA 

strategies must therefore recognize farmers not merely as economic agents but as situated decision-makers operating 

within specific cultural, informational, and institutional ecosystems. 

Access to credit accelerates CSA adoption, whereas high upfront costs and climatic uncertainty are major barriers. 

For example, in Pakistan, information access, farm size, and cooperative membership were found to be decisive, and 

CSA adoption was associated with improved household food security and higher incomes [50]. In Botswana, the need 

to simultaneously adopt complementary practices (i.e., crop rotation, legume diversification, improved seed varieties, 

and optimized fertilizer application) increases the importance of farmer education, access to quality seeds, and credit 

[51]. In Bangladesh, implementation costs, skill shortages, and insufficient technical support services are the key 

constraints for using CSA [52].  

In Central Asian countries, particularly Uzbekistan, irrigated agriculture based on cotton-wheat crop rotations faces 

chronic water stress, soil salinization, and high climatic variability. The agricultural sector remains a significant 

contributor to employment and GDP [9-26]. Climate change poses a serious threat to Uzbekistan’s agricultural sector, a 

key economic driver that accounts for approximately 25% of the country’s GDP [53-56]. Agriculture is especially 

vulnerable, as nearly half of the rural population (49.3%) depends directly or indirectly on this sector for their livelihoods. 

As expected, by 2050, the total river flow in the Amu Darya basin in Karakalpakstan will decline by an additional 35% 

by 2050, while the irrigation water demand is expected to increase by 25%. Recent studies reports have documented 

declining per capita water availability and increasing frequency of droughts, thereby undermining the resilience of 

irrigation systems and worsening food security risks [9, 27]. The transition to CSA is increasingly being regarded as a 

necessary strategy for sustaining agricultural productivity and enhancing adaptive capacity under these conditions. This 

shift is now widely recognized as a strategic priority within the national climate and food security policy approaches 

[10]. 

However, despite the growing body of evidence, significant gaps remain in understanding the quantifiable impacts of 

specific CSA technology adoption on key agricultural performance indicators [30, 31]. Although comprehensive reviews 

have highlighted the potential of various CSA practices, empirical studies that quantify these relationships are limited. 

Most existing research has focused on adoption patterns and barriers rather than measuring concrete outcomes, such as 

yield gains, income changes, and resource use efficiency (RUE) [34, 57, 58]. Furthermore, most studies have been 

conducted in well-documented agricultural regions, including Sub-Saharan Africa, South Asia, and Europe, leaving 

substantial knowledge gaps regarding the effectiveness of CSA in Central Asian contexts. This is particularly evident in 

Uzbekistan, where agricultural systems are characterized by intensive irrigation, cotton-dominated cropping systems, 

and a unique combination of water scarcity, soil salinization, and high climate variability, which may influence the 

performance of CSA technologies differently compared to other agroecological zones [59-61].  

Starting in 2020, Uzbekistan abolished state procurement and cotton quotas, and in 2021, it abolished fixed-state 

procurement prices and wheat volumes. Further regulation is primarily conducted through market-contract mechanisms 

(including clusters) [62]. Despite the formal abolition of state cotton quotas in 2020 and ongoing liberalization efforts in 

the wheat sector, Uzbekistan’s agricultural landscape continues to exhibit strong centralized control features. 
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Approximately 70% of the arable land remains de facto allocated to cotton and wheat production through state-led 

irrigation priorities, land-use planning, and procurement mechanisms. This hybrid governance model is characterized by 

the coexistence of formal market liberalization and persistent administrative influence, which shapes the institutional 

feasibility of any reform agenda [63]. Accordingly, the recommendations presented in this study are formulated within 

a gradualist framework to align policy change with existing structural constraints while facilitating a transition toward a 

more market-oriented and diversified agricultural economy. 

Uzbekistan represents a distinct agricultural research field that has not been adequately addressed in existing 

literature. The country’s continental arid climate, dependence on irrigated farming, and dominant cotton-wheat rotation 

system present both challenges and opportunities for CSA implementation. Agriculture remains a major employer and 

contributes significantly to the national economy; however, it faces mounting pressure from declining water availability, 

deteriorating soil quality, and increasing climatic uncertainty [64]. Conventional farming practices have contributed to 

reduced soil fertility, inefficient water use, and stagnating crop yields, highlighting the urgent need for sustainable and 

resource-efficient technological interventions [65]. 

Although international studies have demonstrated the potential benefits of various CSA practices [43, 66], the external 

validity of these findings in Uzbekistan remains uncertain because of the country’s distinct agroecological and 

socioeconomic contexts. This uncertainty impedes the design of targeted interventions and efficient resource allocation 

strategies aimed to promote widespread CSA adoption and improve agricultural productivity and environmental 

performance [67]. Although the pool of climate-smart agriculture CSA-related literature is rather rich, there are certain 

evidence gaps, such as regarding irrigated agro-ecosystems in Central Asia, particularly Uzbekistan’s Fergana Valley. 

Most quantitative CSA studies and meta-analyses synthesize evidence from rainfed systems in sub-Saharan Africa and 

Southeast Asia [68-70]. The external validity of intensively irrigated, salinity-prone landscapes with pump-dependent 

delivery remains largely untested, leaving policymakers uncertain about the expected yield, profitability, and 

environmental effects under binding water, energy, and salinity constraints. Prior studies mostly emphasize adoption 

determinants and descriptive project outcomes; only a small percentage of those studies cover farm-level, jointly 

measured productivity (yields, income, resource-use efficiency), and environmental indicators (soil erosion and water 

quality) using a coherent MRV framework that can provide cost-effective scaling [71-74]. Evidence on bundled CSA 

adoption and adoption intensity (dose-response) effects is scarce, and cross-sectional designs that do not separate the 

selection of more efficient producers from technology effects often limit causal interpretation. Consequently, the 

contribution of specific practices (e.g., fertilizer micro-dosing, organic amendments, cover cropping, and solar irrigation) 

within realistic technology packages is under quantified. Few studies report technology-specific returns on investment, 

payback periods, and downside risk under irrigated conditions or evaluate financing frictions relevant to smallholders 

(capital costs, learning-by-doing, and adverse-season shocks) [75-77]. This limits the design of the targeted subsidies, 

credit lines, and extension priorities.  

The present study uses primary data to address the identified gaps by rigorously evaluating quantitative, farm-level 

estimates of individual and bundled CSA effects on yields, income, resource-use efficiency, soil erosion, and water 

quality, adoption-intensity practice gradients that reveal synergistic gains, and technology-specific return on investment 

(ROI) and payback analyses under uncertainty. 

This approach is grounded in the scientific rationale that evidence-based assessment of CSA practices using robust 

empirical methods under real-world farm conditions remains crucial for validating global sustainability claims in diverse 

agro-ecological settings. By focusing on both individual and bundled practices, the study captures nonlinear interactions 

and context-specific synergies often overlooked in global models or meta-analyses. Evaluating adoption gradients and 

ROI under uncertainty provides a practical lens to understand the economic rationality behind farmers’ decisions, which 

is essential for designing effective interventions. 

The analysis is embedded in Uzbekistan’s environment, directly addressing the transferability of global CSA claims 

to irrigated Central Asian systems, including crop yield, farm income, resource-use efficiency, soil conservation, and 

water quality. The resulting policy-relevant evidence is intended to support decision making and inform the design of 

scalable extension programs across Central Asian agricultural contexts. 

2- Methodology 

2-1- Research Design 

This study is situated within a post-positivist epistemological paradigm, which acknowledges both the complexity 

and the inherently partial observability of real-world agricultural systems. Within this framework, the research design 

prioritizes empirical rigor while explicitly accounting for potential measurement constraints and context-specific 

variability. A cross-sectional survey design was employed to examine the associations between the adoption of CSA 

practices and key farm-level outcomes, including productivity, income, and environmental performance. To 

operationalize this paradigm, the study integrates multiple data sources through a mixed-methods approach, enabling a 

more comprehensive and contextually grounded analysis. 
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Data collection integrated structured farmer interviews, biophysical field measurements, and economic performance 

indicators, thereby enabling triangulation across the data types. This approach strengthens internal validity and enhances 

explanatory depth, particularly in environments in which both biophysical and socioeconomic variables interact 

dynamically. A cross-sectional design was selected for its methodological feasibility, cost-effectiveness, and capacity to 

support the simultaneous measurement of multiple constructs across a statistically representative farm sample. 

Importantly, the design facilitates a robust estimation of treatment-outcome relationships under explicitly defined 

identification assumptions. Key design features, such as stratified sampling by agroecological zones, standardized 

protocols, and comprehensive covariate collection, further improve analytical precision and create the foundation for 

applying quasi-experimental estimators (e.g., propensity score matching and regression adjustment) during analysis 

where appropriate. This design is particularly well-suited for assessing both the marginal effects of individual CSA 

technologies and the synergistic effects of bundled adoption, while remaining sensitive to the diversity of farm-level 

conditions in irrigated agroecosystems in Central Asia. Therefore, direct extrapolation of these findings to intensively 

irrigated agro-landscapes requires caution and further empirical validation.  

First of all, The Uzbek agricultural sector exhibits structural characteristics that directly influence the economic and 

technological feasibility of adopting CSA. Agriculture accounts for approximately 90% of freshwater withdrawals, with 

an estimated 40% loss of conveyance through irrigation canals. Moreover, more than half of irrigated land is affected by 

primary or secondary soil salinization. The potential for extensive irrigation expansion is limited and water productivity 

remains low [34, 78].  

Second, the agricultural system has historically been dominated by a cotton-wheat crop rotation: cotton and wheat 

together account for approximately 75% of land under annual crops (around 68% of the total cultivated area), with cotton 

occupying nearly 70% of irrigated land. This production structure creates specific price and technological incentives for 

CSA adoption, and significantly influences water and energy consumption patterns [79].  

Third, a substantial portion of irrigation water delivery relies on pump-based systems: approximately 2.4 million 

hectares (approximately 56% of irrigated land) depend on electrically powered pumps (approximately 1,700 stations and 

over 5,000 individual pumps). This increases the energy intensity of irrigation and makes farm-level costs highly 

sensitive to electricity tariffs and water dispatching system efficiency [63]. 

Fourth, coupled with shallow groundwater tables, the degradation and aging of irrigation and drainage infrastructure 

increase the risk of secondary soil salinization. This issue has been documented by the Ministry of Ecology of the 

Republic of Uzbekistan [80] and is being addressed through ongoing World Bank-supported projects aimed at 

modernizing irrigation and drainage systems and improving water and energy efficiency, including the National 

Irrigation and Energy Efficiency Improvement Project [81]. 

Finally, the institutional architecture of water allocation, including water user associations, tariff schemes, and 

dispatching systems, shapes local rules for investments in water and nutrient management. A binomial rate system 

(comprising fixed and variable components) is an effective mechanism for recovering irrigation service costs and 

incentivizing demand-responsive water distribution in Fergana Valley [82]. 

Proceeding from these contextual factors, this study deliberately avoids mechanical extrapolation of average global 

CSA effects and explicitly tests for context-dependent heterogeneity in outcomes within Uzbekistan’s irrigated 

agriculture. The analytical framework evaluates technology packages relevant to such systems (drip irrigation, 

fertigation, controlled drainage, salinity mitigation practices, cover cropping, and stress-tolerant crop varieties) in 

relation to key farm-level outcomes (i.e., crop yields, household income, water and resource productivity, soil health 

indicators, and environmental impacts). Drip irrigation and fertigation have demonstrated the potential to simultaneously 

reduce salt accumulation in the root zone (by tens of percent compared with surface irrigation), increase crop yields, and 

improve water and nitrogen use efficiency under conditions of soil salinization and water scarcity. Water-saving 

irrigation regimes, such as deficit irrigation (DI) and partial root-zone drying (PRD), enhance water productivity and 

maintain yields despite reduced water application when properly managed. These biophysical mechanisms form the 

basis for hypotheses regarding the positive impacts of CSA technology packages in the Uzbek context [83].  

Causal effect identification distinguishes the selection of more efficient producers from the actual technological 

impacts. Such methodological strategies are recognized as best practices for impact evaluation and align with findings 

from sectoral reviews of CSA and Uzbekistan’s country-specific assessments [84].  

This research design facilitates a direct comparison between global CSA outcomes and the unique agroclimatic and 

institutional conditions of Uzbekistan. It provides actionable insights for scaling up CSA technology packages in 

irrigated landscapes, accounting for binding water constraints, salinization risks, energy-intensive pump-based irrigation 

systems, and institutional arrangements such as water user associations (WUAs) and tariff policies. The results are 

directly relevant to ongoing national modernization programs, including the 2020–2030 Strategy for the Development 

of Agriculture in Uzbekistan for 2020–2030 [85], which prioritizes agricultural transformation, climate adaptation, and 

the implementation of measures compatible with water and energy efficiency goals [86]. 
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Figure 1 summarizes the research workflow employed to assess the impact of climate-smart technology adoption on 

agricultural productivity and environmental sustainability. 

 

Figure 1. Structured research workflow outlining the methodological steps 

2-2- Study Area 

One of the largest irrigated agro-landscape systems, the part of the Fergana Valley belonging to eastern Uzbekistan, 

has historically specialized in intensive crop cultivation, horticulture, and livestock production. Major urban 

agglomerations (Fergana, Andijan, and Kokand) serve as centers of demand and logistics, where the most productive 

agricultural zones are concentrated. Similar production zones are located in the adjacent Andijan and Namangan districts 

in the Fergana region. The agro-landscape features a flat to gently undulating topography of alluvial plains, with soil 

textures ranging from sandy to clay loam, and an extensive network of irrigation canals and drainage systems fed by the 

Syr Darya River and its mountain tributaries (upstream of the Naryn River basin). The climate is continental, arid to 

semi-arid, and sustainable agriculture is maintained through artificial irrigation, seasonal water allocation schedules, and 

a dense institutional infrastructure of water user associations (WUAs). Historically, the valley has been a center for 

cotton and sericulture. In the post-Soviet period, the production structure diversified to include wheat, rice, maize, fruit 

crops (peaches, apricots, figs, and pomegranates), and vegetables, creating a demand for water-saving and resource-

efficient technologies. By 2025, the Fergana region has a total of 11349 farmsteads, including 2624 medium-sized and 

8725 small farms. 

A stratified purposive sampling approach was applied to select three administrative districts within the Fergana 

region as a minimally sufficient sample representative of key sources of intra-valley heterogeneity while adhering to 

the logistical constraints of field operations. Stratification was based on the four a priori predefined criteria.  First, 

districts vary in their proximity to the main water control structures and the degree of canal modernization, affecting 

water delivery reliability and timeliness, irrigation norms, and the need for supplemental or repeated irrigation events.  

Second, the study areas featured diverse combinations of soil textures (sandy loam to clay loam alluvial soils), classes 
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of secondary salinization, and groundwater table depths. These factors influence soil permeability, sodicity, and salt 

stress risks, as well as crop responses to irrigation deficits and micro-dosing of fertilizer. Third, districts differ in 

water allocation rules and flexibility of the Water User Association (WUA) schedule (i.e., irrigation timing, crop 

prioritization, and conflict resolution mechanisms) that impact the adoption and effectiveness of CSA technologies. 

Fourth, cotton and wheat cultivation coexist in developed horticulture and vegetable farming. The combination of 

household farms and cluster-based agricultural enterprises creates variability in farm scale, access to machinery, and 

risk preferences. 

The three selected districts cover a major portion of the high-productivity belt within the valley and provide a contrast 

across typical production conditions found in the Fergana Valley located in Uzbekistan. 

The selected districts with broader valley regions were compared using available macro-level indicators (i.e., crop 

structure, population density, irrigation infrastructure coverage, and land reclamation indicators). Standardized mean 

differences (SMDs) for most variables fell within the range of 0.10–0.20 SD, which is generally considered an acceptable 

balance in observational study designs. 

The selection of the three districts represents a justified compromise: it captures the main sources of heterogeneity 

(hydraulic position, drainage conditions, institutional arrangements, and production structure) while maintaining field-

temporal feasibility in terms of farm accessibility, coordination with WUAs, and narrow planting and harvesting 

windows. Expanding to four or five districts would increase the costs and risks of seasonal misalignment, while yielding 

diminishing marginal informational returns. In contrast, the combination of sample balancing, weighting adjustments, 

and stratified estimation ensures sufficient generalizability of the findings to similar zones across the Fergana Valley, 

including areas in the Fergana, Andijan, and Namangan districts. 

The study was conducted in the Fergana Valley of eastern Uzbekistan (Fergana Region), covering three administrative 

districts (Fergana, Rishton, and Bagʻdod) between 40°15′–40°45′ N and 71°30′–72°15′ E, encompassing approximately 

1,250 km² of predominantly agricultural land. The area lies on the flat to gently sloping floor of the Fergana Depression 

at ≈420–580 m.a.s.l., with alluvial plains under sandy-loam to clay-loam textures dominating the landscape. The 

continental, arid to semi-arid climate is characterized by a mean annual temperature ≈14.2 °C; precipitation ≈180–250 

mm yr⁻ ¹, mainly in spring. Reference evapotranspiration averages ≈1,350 mm yr⁻ ¹, necessitating ≈800–1,200 mm of 

seasonal irrigation. Land tenure features numerous Dehkan (household) farms alongside larger cluster (commercial) 

farms; while Dehkan units constitute the majority of farm enterprises and manage a minority of land, shaping incentives 

for technology adoption. Figure 2 presents a multiscale location map (country context, valley extent, and district-level 

detail) with the georeferenced locations of the 175 sampled farms. 

 

Figure 2. Study location with 175 surveyed farms in Fergana valley; Bag’dod district; Rishton district; Fergana district 

In the study location, intensively irrigated farming systems dominated agriculture, with cotton (45% of the cultivated 

area) and wheat (25%) as primary crops, followed by vegetables (20%) and fruits (10%). Agricultural land is managed 

through two main farm types: Dehkan farms (private household farms), averaging 2.5 hectares, and cluster (commercial) 

farms, averaging 150 hectares. Dehkan farms accounted for 78% of the total farm units, but only 35% of the land was 

controlled. Dehkan farms represent a distinct form of agricultural organization within Central Asia’s systems, differing 

from typical smallholders or household farms. Established under Uzbekistan’s 1998 Law on Dehkan Farms, these 
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individually or family operated farms function under heritable land-use rights, while all agricultural land remains state-

owned [87]. Although Dehkan farms average 0.17 hectares and are legally restricted to a maximum size of 0.35 hectares 

for irrigated land, they differ from larger commercial farms in key institutional aspects: Dehkan farmers are not subject 

to state-mandated cotton and wheat quotas and have autonomy in crop selection and marketing, allowing them to sell 

produce at market prices [87, 88]. These farms hold lifetime and heritable tenure rights that can be transferred within 

families but cannot be sold to non-family members. Despite controlling less than 5% of arable land nationally, Dehkan 

farms contribute to approximately 60% of Uzbekistan’s total agricultural output [88]. This unique institutional 

arrangement significantly shapes the incentives for technology adoption and distinguishes the Dehkan system from 

conventional private agriculture models studied in other contexts. 

Historical climate data (1990–2020) indicate that rising temperatures (+0.3°C per decade) and declining precipitation 

(−2.5 mm per decade) contribute to increasing water stress. These trends underscore the growing importance of climate 

adaptation strategies for sustaining agricultural productivity in the region. 

2-3- Sampling Methods 

The target population consisted of all agricultural households engaged in crop production within the three selected 

districts of the Fergana Valley. According to official data from the State Committee on Statistics of Uzbekistan, this 

population comprises 12,450 registered farms (9,735 Dehkan farms and 2,715 cluster farms) that cultivate approximately 

185,000 ha of irrigated land. 

The sample size was calculated using the following formula for finite population proportion estimation: 

n = (Z²pq) / (e²) × [N/(N-1)] (1) 

where Z = 1.96 (95% confidence level), p = 0.5 (maximum variance assumption), q = 1-p = 0.5, e = 0.07 (7% margin of 

error), and N = 12,450 (total farm population). The calculated minimum sample size of 165 farms was increased to 175 

farms (12% buffer) to account for potential nonresponse and data quality issues. 

A screening process based on prespecified inclusion and exclusion criteria was used to construct the sampling 

frame. Eligible holdings were required to have adopted at least five CSA technologies or practices during the 

reference season, and to provide documented evidence of access to credit or public subsidies supporting CSA, such 

as loan agreements, subsidy contracts, or entries in official program registries. Farms were also required to maintain 

complete production and agro-ecological records for both the baseline and post-adoption periods and to report no 

changes in managerial control over the observation window. Relevant knowledge and capacity are required, given 

the study’s focus on informed adoption under realistic institutional conditions. This included a minimum of two 

contacts with agricultural extension services within the preceding 12 months or the completion of a certified CSA 

or irrigation training course, combined with a score of at least 60% on a five-item CSA knowledge assessment 

administered during enrollment. 

Additionally, the farms were verified to face no binding institutional constraints that would prevent the adoption 

of less common CSA technologies. Specific requirements included active membership in good standing within a 

Water Users Association (WUA), water allocation arrangements compatible with off-season cover cropping, absence 

of crop-mandate or procurement clauses prohibiting such practices, secure land-use rights or leases with at least three 

years remaining, and eligibility for district-level distributed solar pumping programs with no history of application 

denials.  

Farms were excluded if they adopted fewer than five climate-smart agriculture practices, lacked verifiable access to 

financing, provided incomplete or inconsistent data, participated in concurrent programs that could confound the same 

outcomes, specialized in non-field crops (e.g., livestock-only or greenhouse operations), experienced severe exogenous 

shocks during the observation period (e.g., extreme weather events or pest outbreaks), or faced binding institutional 

constraints such as formal prohibitions on cover cropping, unresolved land tenure disputes, delinquent Water User 

Association (WUA) status resulting in water allocations below agronomic thresholds, or regulatory barriers to installing 

solar-powered irrigation pumps. 

This study used random selection in sampling; 65 farms were allocated to Fergana (37.14% of the sample), 55 to 

Rishtan (31.43%), and 55 to Bagʻdod (31.43%). The second stratum was the farm type, comprising 135 Dehkan farms 

(77.15%) and 40 cluster farms (22.85%). The third stratum reflected the primary crop orientation: 82 holdings focused 

on cotton (46.86%), 41 on wheat (23.44%), 33 on vegetables (18.85%), and 19 on mixed systems (10.85%). Systematic 

sampling with a random start was applied to the computer-randomized farm lists within each stratum. A brief verification 

process was conducted prior to contact, combining document reviews and preliminary screening interviews. To address 

anticipated non-response or late disqualification, pre-randomized replacement units were designated within the same 

stratum; cross-stratum substitution was not permitted, ensuring the preservation of the original allocation proportions. 

All units within a given stratum had equal inclusion probabilities; therefore, post-stratification weighting was not 

required. 
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2-4- Data Collection 

Data were collected in three distinct phases between March and September 2024. The preparatory phase (March 2024) 

included the pre-testing of survey instruments with a sample of 15 farmers, calibration of field measurement equipment, 

and establishment of local partnerships with district agricultural departments. The primary data collection phase spanned 

April to September 2024 and comprised three sequential components. 

Phase 1: Farmer surveys (April-June 2024): Structured interviews were conducted with farm household heads for an 

average of approximately 2 hours per interview. A total of 175 completed surveys were obtained from the selected 

sample of the farms, resulting in a response rate of 94.6% (Appendix I). 

Phase 2: Field measurements (May-August 2024): In-situ assessments included soil erosion monitoring during the 

growing season, water quality testing during peak irrigation periods, and crop performance observations at key 

phenological stages. 

Phase 3: Harvest data collection (August-September 2024): Crop yields were directly measured and validated, farm 

income was calculated and crosschecked, and final data quality assurance procedures were implemented. 

Multiple data collection methods were employed to ensure comprehensive coverage of the research variables. 

Structured face-to-face interviews with farm household heads were conducted with trained members of the research 

team. The interviews captured information on CSA technology adoption patterns, farm characteristics, production 

practices, and socioeconomic indicators. 

The survey data were complemented by field measurements obtained through direct observation and quantification 

of key environmental and productivity indicators. Soil erosion assessments were conducted during the growing season, 

when erosive processes are most active, using standardized visual scoring methods and quantitative measurement 

techniques.  

To capture the full range of temporal variability in water characteristics, water quality samples were collected during 

the peak irrigation periods. Crop performance was monitored through scheduled field visits to track phenological 

development and to identify potential sources of yield variation across farms. 

For harvest data collection, direct field measurements were triangulated with farmer-reported yield data to enhance 

the accuracy and reliability. Income calculations were based on detailed records of input and output prices, which were 

verified through cross-referencing prevailing market rates and agricultural input supplier documentation. 

2-5- Variables and Measurements 

2-5-1- Independent Variables: CSA Technologies 

This study examined nine specific CSA technologies, selected based on their relevance to Central Asian 

agroecological conditions and the potential for adoption by smallholder farmers. Each technology was measured using 

a 4-point adoption scale to capture the variations in implementation intensity. Table 1 provides the definitions of these 

technologies. 

Table 1. Definitions of climate-smart agricultural technologies; compiled by authors based on [89] 

Technology Definition 

T1: Biopesticide use and crop and pest management 
Use of biological agents (beneficial insects, microbial pesticides, and botanical extracts) instead of or in combination 

with synthetic pesticides for pest control 

T2: Microdosing of fertilizer 
Application of small, precise amounts of fertilizer (typically 2-6 g per plant) directly to individual plants or in micro-

basins rather than broadcast application 

T3: Application of organic manure Systematic use of livestock manure, compost, or other organic materials to improve soil structure and fertility 

T4: Application of compost 
Decomposed organic matter (crop residues, household waste, and animal manure) prepared through controlled 

composting processes 

T5: Improved flood-tolerant varieties Cultivation of crop varieties specifically bred or selected for waterlogging and flooding tolerance 

T6: Green energy-based irrigation (solar pumps) Solar-powered pumping systems for irrigation water delivery, reducing dependence on grid electricity or diesel pumps 

T7: Early maturing varieties 
Cultivation of crop varieties with shortened growing seasons, allowing drought avoidance and multiple cropping 

potential 

T8: Pit planting and improved planting methods 
Concentrated planting techniques including zaï pits, raised beds, or precision planting, to improve water and nutrient 

use efficiency 

T9: Cover crops/intercropping 
Growing secondary crops between main crop seasons or intercropping systems to improve soil health and resource 

use efficiency 

Measurement scales for CSA technologies follow a consistent ordinal structure adapted to each practiсe’s specific 

nature. The scale for biopesticides and crop management practices ranges from never used (1) to used on more than 75% 
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of farm area (4). Micro-dosing of fertilizers is measured from never practiced (1) to applied to more than 75% of crops 

(4). Organic manure application is quantified from no organic inputs (1) to more than 15 tons per hectare annually (4). 

Similarly, compost application is scored from no compost use (1) to application exceeding 10 tons per hectare annually 

(4). 

Adoption of improved crop varieties, including flood-tolerant and early maturing varieties, is assessed based on the 

proportion of cultivated area planted with such varieties, ranging from “only traditional varieties used” (1) to “more than 

75% of area under improved varieties” (4). Solar-powered irrigation adoption was measured as the percentage of the 

total irrigation volume supplied by renewable energy sources. Improved planting methods are evaluated on a scale from 

“traditional broadcasting” (1) to “use of improved techniques on more than 75% of planting area” (4). Cover cropping 

and intercropping were measured according to the proportion of farm areas that employed these practices, with higher 

scores indicating greater implementation intensity. 

2-5-2- Dependent Variables: Agricultural and Environmental Outcomes 

This study analyzed five key dependent variables representing agricultural productivity and environmental 

performance outcomes. These variables capture the multidimensional impacts of farm-level CSA technology adoption, 

as shown in Table 2. 

Table 2. Agricultural and environmental variables of outcome 

Outcome Variable Definition 
Unit of 

measurement 

Y1: Crop yields 
Primary productivity indicator measured separately for major crops (cotton, wheat, and vegetables) based 

on actual harvest data and farmer records 
kg ha⁻¹ yr⁻¹ 

Y2: Income per unit area Net farm income is calculated as gross revenue minus variable costs per hectare USD ha⁻¹ yr⁻¹ 

Y3: Resource use efficiency 
Ratio of gross output value to total input costs, indicating the effectiveness of conversion of inputs to 

economic returns 
Ratio 

Y4: Soil erosion score Visual assessment and erosion severity measurement-based scoring 1-5 Scale 

Y5: Water quality index Composite indicator based on salinity, pH, and nutrient levels in irrigation return flows and drainage water 1-10 Scale 

Crop yield is the primary productivity measure and is calculated separately for major crops, including cotton, wheat, 

and vegetables, based on actual harvest data and verified farm records. This metric captures the direct production impact 

of adopting CSA technology across the dominant cropping systems in the study area. 

Income per unit area, expressed as net farm income per hectare, was used as an indicator of economic performance. 

Net income is calculated as the total crop sales revenue minus variable costs, including seeds, fertilizers, pesticides, fuel, 

and labor. Standardization by hectare enables valid comparisons across farms of varying sizes and facilitates economic 

efficiency analysis. 

Resource-use efficiency is measured as the ratio of gross output value to total input costs, providing an indicator of 

how farmers effectively convert agricultural inputs into economic returns. This efficiency metric reflects the potential 

of CSA technologies to optimize input-output relationships and improve farm-level profitability. 

The ratio of gross output value to total input costs was used to calculate resource-use efficiency, providing an indicator 

of the effectiveness with which farmers convert agricultural inputs into economic returns. This measure enables an 

assessment of the optimization potential of CSA technologies to improve input-output relationships. 

Soil erosion was assessed using a visual and measurement-based scoring system, with a score of 1 indicating no 

visible erosion, 2 indicating slight erosion, 3 indicating moderate erosion, 4 indicating severe erosion, and 5 indicating 

severe erosion with gully formation. This environmental indicator reflects soil conservation outcomes associated with 

CSA practices. 

The water quality index (WQI) is a composite metric derived from multiple parameters, including salinity (measured 

as electrical conductivity), pH levels, and nutrient concentrations (nitrogen and phosphorus) in irrigation return flows 

and drainage water. The index ranged from 1 to 10, with higher values indicating improved water quality. 

2-5-3- Control Variables 

The analysis incorporated several control variables to account for factors that may influence the relationship between 

the adoption of CSA technologies and agricultural outcomes. Farm-level characteristics include farm size (measured in 

hectares), age and education level, years of farming experience, access to credit and extension services, and distance to 

markets. Environmental factors within the study area included soil type, initial fertility status, irrigation water quality, 

and microclimatic variations. These variables help isolate the effects of CSA adoption by controlling for farm and 

environmental heterogeneity, which can independently affect agricultural performance. 
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2-6- Data Analysis 

The collected data were analyzed using descriptive and inferential statistical methods. Descriptive statistics, including 

means, standard deviations, and frequency distributions, were computed to characterize the patterns of CSA technology 

adoption and agricultural outcome variables. A correlation analysis was conducted to examine the bivariate relationships 

between CSA technologies and outcome indicators. Multiple regression analysis was used to estimate the individual 

effects of each CSA technology on agricultural and environmental outcomes, while controlling for potential confounding 

variables. A one-way analysis of variance was used to compare outcomes across different levels of technology adoption. 

ROI was calculated to evaluate the economic viability of each technology. All statistical analyses were performed using 

IBM SPSS Statistics (version 28.0), with statistical significance defined at p < 0.05. 

3- Results 

3-1- CSA Technology Adoption Patterns 

The collected data were analyzed using descriptive and inferential statistical methods. Descriptive statistics including 

means, standard deviations, and frequency distributions were computed to characterize the patterns of CSA technology 

adoption and key agricultural outcome variables. Correlation analysis was performed to examine bivariate relationships 

between CSA and outcome indicators. Multiple regression models were employed to estimate the individual effects of 

each technology on agricultural and environmental outcomes, while controlling for potential confounding factors. A 

one-way analysis of variance was conducted to compare the outcomes across different adoption levels. ROI was 

calculated to assess the economic viability of each technology. All analyses were performed using IBM SPSS Statistics 

(version 28.0), with statistical significance set at p < 0.05. Analysis of CSA adoption among 175 farms in the Fergana 

Valley revealed significant variation in implementation levels across different technologies. As shown in Table 3, micro-

dosing demonstrated the highest adoption rate with a mean score of 3.42, and 67% of farms implemented this technology 

at high levels. Organic manure application was the second most adopted practice, with a mean score of 3.18 and a high 

adoption rate of 58%. These findings indicate that farmers have readily implemented soil fertility management practices 

that align with traditional agricultural knowledge and offer tangible productivity benefits. 

Table 3. CSA adoption levels among the farms under study 

CSA Technology Mean Score Std. Dev. Adoption Level % Highly Adopted % Never Adopted 

Fertilizer micro-dosing 3.42 0.78 High 67% 8% 

Application of organic manure 3.18 0.85 High 58% 12% 

Early maturing varieties 2.95 0.92 Moderate 45% 18% 

Improved planting methods 2.87 0.89 Moderate 42% 21% 

Biopesticides/pest management 2.73 0.96 Moderate 38% 25% 

Compost application 2.65 1.02 Moderate 35% 28% 

Solar-powered irrigation 2.31 1.15 Low 25% 42% 

Flood-tolerant varieties 2.08 1.08 Low 18% 48% 

Cover crops/intercropping 1.89 0.95 Low 12% 55% 

Moderately adopted CSA technologies included early maturing varieties (mean score: 2.95), improved planting 

methods (2.87), biopesticides (2.73), and compost application (2.65). These practices exhibit high implementation rates 

ranging between 35% and 45%, indicating growing farmer interest but also indicating the presence of barriers to broader 

adoption. The lowest adoption levels were observed for cover crops and intercropping (1.89), flood-tolerant varieties 

(2.08), and solar-powered irrigation systems (2.31), with more than 40% of the farmers reporting no use of these 

technologies. 

3-2- Agricultural and Environmental Outcomes 

Descriptive analyses of the agricultural and environmental outcome variables revealed considerable variation across 

farms (Table 4). Cotton yields averaged 3,245 kg ha⁻¹ yr⁻¹ (standard deviation = 567), with values ranging from 2,100 

to 4,800 kg ha⁻¹ yr⁻¹. Wheat yields exhibited higher average productivity, reaching 4,180 kg ha⁻¹ yr⁻¹, while vegetable 

yields displayed the greatest variability, with a mean of 18,750 kg ha⁻¹ yr⁻¹ and a range of 12,500 to 28,000 kg ha⁻¹ yr⁻¹. 
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Table 4. Descriptive statistics of agricultural and environmental outcome variables 

Impact Variable Mean Std. Dev. Min Max Unit 

Cotton yield 3,245 567 2,100 4,800 kg ha⁻¹ yr⁻¹ 

Wheat yield 4,180 623 2,900 5,650 kg ha⁻¹ yr⁻¹ 

Vegetable yield 18,750 3,240 12,500 28,000 kg ha⁻¹ yr⁻¹ 

Income per hectare 2,847 891 1,250 5,200 USD ha⁻¹ yr⁻¹ 

Soil erosion score  2.8 1.2 1 5 Scale 1-5 

The water quality index 6.7 1.8 3.2 9.8 Scale 1-10 

Resource efficiency 2.34 0.67 1.12 4.15 Ratio 

The farm income per hectare averaged USD 2,847, with considerable variation (standard deviation = 891), indicating 

significant economic disparities across farms. The environmental indicators revealed moderate levels of soil erosion 

(mean score: 2.8 on a 5-point scale) and an average water quality index of 6.7 (on a 10-point scale). The resource use 

efficiency ratio averaged 2.34, meaning that farms generated approximately USD 2.34 in output value for each dollar 

invested in inputs. 

3-3- Relationships Between the CSA Technologies and Outcomes 

The correlation analysis revealed a significant positive association between CSA technology adoption and agricultural 

outcomes (Table 5). Fertilizer micro-dosing exhibited the strongest correlations with all yield variables, with coefficients 

of 0.45, 0.38, and 0.52 for cotton, wheat, and 0.52 for vegetable yield, respectively (all p < 0.001). This practice also 

demonstrated a strong positive correlation with farm income per hectare (r = 0.48, p < 0.001), and a moderate negative 

correlation with soil erosion (r = −0.35, p < 0.01). 

Table 5. Correlation matrix between CSA technologies and outcome variables 

 Cotton 

Yield 

Wheat 

Yield 

Vegetable 

Yield 
Income/ha 

Soil 

Erosion 

Water 

Quality 

Resource 

Efficiency 

Fertilizer micro-dosing 0.45*** 0.38*** 0.52*** 0.48*** -0.35** 0.29** 0.41*** 

Organic manure 0.41*** 0.43*** 0.48*** 0.44*** -0.42*** 0.38*** 0.39*** 

Early maturing varieties 0.38*** 0.35** 0.31** 0.36*** -0.21* 0.18 0.33** 

Improved planting 0.33** 0.29** 0.35** 0.32** -0.28** 0.25* 0.31** 

Biopesticides 0.28** 0.24* 0.41*** 0.34** -0.18 0.33** 0.29** 

Compost application 0.35** 0.40*** 0.43*** 0.38*** -0.39*** 0.35** 0.36** 

Solar irrigation 0.22* 0.19 0.28** 0.31** -0.15 0.41*** 0.27* 

Flood-tolerant varieties 0.19 0.34** 0.26* 0.25* -0.24* 0.22* 0.21 

Cover crops 0.25* 0.31** 0.33** 0.29** -0.36** 0.28** 0.26* 

*p < 0.05, **p < 0.01, ***p < 0.001 

Organic manure application showed consistently strong associations with all outcome variables, particularly 

exhibiting a significant negative correlation with soil erosion (r = −0.42, p < 0.001) and a positive correlation with water 

quality (r = 0.38, p < 0.001). Solar-powered irrigation demonstrated the strongest association with improved water 

quality (r = 0.41, p < 0.001), whereas cover crops and intercropping were significantly correlated with reduced soil 

erosion (r = −0.36, p < 0.01). All CSA technologies exhibited positive correlations with RUE, suggesting their potential 

to enhance IOP in agricultural systems. 

3-4- Impact of CSA Technologies on Cotton Yield 

Multiple regression analysis examining the impact of CSA technologies on cotton yields revealed statistically 

significant positive effects for seven of the nine technologies (Table 6). The model accounted for 57.3% of the variance 

in cotton yield (R² = 0.573, F(9,175) = 26.1, p < 0.001), indicating a strong explanatory power. 
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Table 6. Multiple Regression Analysis-Cotton Yield (kg ha⁻¹ yr⁻¹) 

CSA Technology Coefficient Std. Error t-value p-value 95% CI 

Constant 1,845.60 156.3 11.81 <0.001 1,538.2 - 2,153.0 

Fertilizer micro-dosing 245.8 42.7 5.76 <0.001*** 161.7 - 329.9 

Organic manure 189.3 38.9 4.87 <0.001*** 112.8 - 265.8 

Early maturing varieties 156.4 35.2 4.44 <0.001*** 86.9 - 225.9 

Improved planting 123.7 41.1 3.01 0.003** 42.8 - 204.6 

Biopesticides 98.5 33.8 2.91 0.004** 31.9 - 165.1 

Compost 87.2 29.6 2.95 0.004** 28.8 - 145.6 

Solar irrigation 76.3 31.4 2.43 0.016* 14.3 - 138.3 

Flood-tolerant varieties 45.9 28.7 1.6 0.112 -113.8 

Cover crops 67.8 32.1 2.11 0.036* 4.5 - 131.1 

Notes: Model statistics: R² = 0.573, Adjusted R² = 0.551, F(9,175) = 26.1, p < 0.001 

Fertilizer micro-dosing has the largest positive effect on cotton yields, increasing production by 245.8 kg ha⁻¹ yr⁻¹ (p 

< 0.001), followed by organic manure application, which contributes an additional 189.3 kg ha⁻¹ yr⁻¹ (p < 0.001). Early 

maturing varieties are associated with a yield increase of 156.4 kg ha⁻¹ yr⁻¹ (p < 0.001), whereas improved planting 

methods result in an increase of 123.7 kg ha⁻¹ yr⁻¹ (p < 0.01). All CSA technologies, except for flood-tolerant varieties, 

exhibited statistically significant positive effects on cotton yield. 

3-5- Analysis of the Economic Impact 

The economic impact analysis (Table 7) revealed that the adoption of CSA technologies significantly affects farm 

income per hectare. The regression model explained 61.8% of the variance in income (R² = 0.618, F(9,175) = 31.4, p < 

0.001), indicating strong predictive power for economic outcomes. 

Table 7. Multiple regression analysis-income per hectare (USD ha⁻ ¹ yr⁻ ¹) 

CSA Technology Coefficient Std. Error t-value p-value 95% CI 

Constant 1,234.50 98.7 12.51 <0.001 1,039.6 - 1,429.4 

Fertilizer micro-dosing 387.6 67.2 5.77 <0.001*** 255.0 - 520.2 

Organic manure 298.4 61.3 4.87 <0.001*** 177.4 - 419.4 

Early maturing varieties 245.8 55.4 4.44 <0.001*** 136.5 - 355.1 

Improved planting 194.7 64.7 3.01 0.003** 67.2 - 322.2 

Biopesticides 155.1 53.2 2.91 0.004** 50.2 - 260.0 

Compost 137.3 46.6 2.95 0.004** 45.4 - 229.2 

Solar irrigation 234.6 59.8 3.92 <0.001*** 116.7 - 352.5 

Flood-tolerant varieties 123.4 52.1 2.37 0.019* 20.6 - 226.2 

Cover crops 156.8 55.9 2.8 0.006** 46.4 - 267.2 

Model Statistics: R² = 0.618, Adjusted R² = 0.598, F(9,175) = 31.4, p < 0.001 

Fertilizer micro-dosing yields the highest economic return, increasing farm income by 387.6 USD ha⁻¹ yr⁻¹ (p < 

0.001), followed by organic manure application, which contributes an increase of 298.4 USD ha⁻¹ yr⁻¹ (p < 0.001). Early 

maturing varieties are associated with an income gain of 245.8 USD ha⁻¹ yr⁻¹ (p < 0.001), while solar-powered irrigation 

adds 234.6 USD ha⁻¹ yr⁻¹ (p < 0.001). All CSA technologies exhibited statistically significant positive effects on farm 

income, underscoring their economic viability for farmers in the study region. 

3-6- Environmental Impact Assessment 

Multiple regression analysis of the soil erosion scores revealed significant environmental benefits associated with the 

adoption of CSA technologies (Table 8). The model explained 48.7% of the variance in soil erosion outcomes (R² = 

0.487, F(9,175) = 18.5, p < 0.001), with negative regression coefficients indicating reduced soil erosion. 
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Table 8. Multiple Regression Analysis-Soil Erosion Score (1-5 scale, higher = worse) 

CSA Technology Coefficient Std. Error t-value p-value 95% CI 

Constant 4.23 0.18 23.5 <0.001 3.87 - 4.59 

Fertilizer micro-dosing -0.28 0.09 -3.11 0.002** -0.36 

Organic manure -0.34 0.08 -4.25 <0.001*** -0.32 

Early maturing varieties -0.15 0.07 -2.14 0.034* -0.28 

Improved planting -0.19 0.08 -2.38 0.018* -0.32 

Biopesticides -0.12 0.07 -1.71 0.089 -0.28 

Compost -0.31 0.06 -5.17 <0.001*** -0.24 

Solar irrigation -0.08 0.08 -1 0.319 -0.32 

Flood-tolerant varieties -0.14 0.07 -2 0.047* -0.28 

Cover crops -0.26 0.07 -3.71 <0.001*** -0.28 

Model Statistics: R² = 0.487, Adjusted R² = 0.461, F(9,175) = 18.5, p < 0.001 

Compost application was associated with the largest reduction in soil erosion scores, decreasing them by 0.31 points 

(p < 0.001), followed by organic manure application, which reduced scores by 0.34 points (p < 0.001). Cover crops 

significantly reduced erosion by 0.26 points (p < 0.001), and fertilizer microdosing resulted in a 0.28-point decline (p < 

0.01). Collectively, these results indicate that organic-matter-based CSA technologies are strongly linked to improved 

soil conservation outcomes. 

3-7- Analysis of the Adoption Level Impact 

An ANOVA examining agricultural outcomes across different levels of climate-smart agriculture technology 

adoption revealed significant differences in farm performance (Table 9). Farms were classified into three groups 

based on adoption intensity: low (1-2 technologies), medium (3-5 technologies), and high (more than 6 

technologies). 

Table 9. Economic impact analysis by CSA adoption level 

Adoption Level N Mean Income (USD/ha) Std. Dev. Mean yield (kg/ha) Resource Efficiency 

Low Adoption (1-2 technologies) 47 2,145 578 2,890 1.95 

Medium Adoption (3-5 technologies) 89 2,847 634 3,420 2.34 

High adoption (6+ technologies) 49 3,678 789 4,125 2.89 

ANOVA F-statistic  F(2,182) = 42.7***  F(2,182) = 38.4*** F(2,182) = 31.2*** 

Analysis of variance revealed significant differences in agricultural performance across CSA technology adoption 

levels (Table 9). Farms were classified into three groups based on adoption intensity: low (1-2 technologies), medium 

(3-5 technologies), and high (more than 6 technologies). High adopters achieve a 71% higher income per hectare (3,678 

USD ha⁻¹) compared to low adopters (2,145 USD ha⁻¹), reflecting a substantial economic advantage. Crop yields 

increased by 43% from low to high adoption levels, rising from 2,890 kg ha⁻¹ to 4,125 kg ha⁻¹. Resource use efficiency 

improved by 48%, increasing from 1.95 2.89. All intergroup differences were statistically significant (p < 0.001), 

indicating clear benefits associated with the implementation of broader CSA technology. 

Figure 3 illustrates the positive relationship between the number of CSA technologies adopted and key farm 

performance indicators. The visualization shows a progressive improvement in economic returns and resource efficiency 

as adoption intensity increases. Income per hectare rose substantially (from 2,145 to 3,678 USD ha⁻¹), representing a 

71% gain for high adopters. Similarly, RUE followed a consistent upward trend, increasing from 1.95 to 2.89, implying 

that farms adopting multiple CSA practices achieved significantly better IOP. This graphical representation reinforces 

the ANOVA results and underscores the cumulative benefits of comprehensive technology adoption, indicating that 

integrated implementation yields greater improvements than isolated practices. 



Emerging Science Journal | Vol. 9, No. 6 

Page | 3101 

 

Figure 3. Farm performance according to the level of CSA adoption 

3-8- Analysis of the Return on Investment 

An assessment of the economic viability of individual CSA technologies reveals considerable variation in the ROI 

and payback periods, as detailed in Table 10. Fertilizer micro-dosing exhibits exceptional financial performance, yielding 

a 456% return on investment and a payback period of just 0.22 years, making it the most economically attractive 

technology for farmers. 

Table 10. Technology-specific return on investment analysis 

CSA Technology 
Implementation cost 

(USD/ha) 

Increase in yield 

(%) 

Increase in income 

(USD/ha) 

ROI 

(%) 

Payback period 

(years) 

Fertilizer micro-dosing 85 15.20% 388 456% 0.22 

Organic manure 120 12.80% 298 248% 0.4 

Early maturing varieties 65 11.50% 246 378% 0.26 

Improved planting 45 8.70% 195 433% 0.23 

Biopesticides 95 7.20% 155 163% 0.61 

Compost application 75 6.80% 137 183% 0.55 

Solar irrigation 850 5.50% 235 28% 3.62 

Flood-tolerant varieties 180 4.30% 123 68% 1.46 

Cover crops 110 5.80% 157 143% 0.7 

Improved planting methods and early maturing varieties also exhibited strong economic performance, yielding returns 

on investment of 433% and 378%, respectively, with a payback period of less than one year. Organic manure application 

provided moderate but reliable returns, with an ROI of 248% and relatively low implementation costs. In contrast, while 

offering notable environmental benefits, solar-powered irrigation requires the highest initial investment (850 USD ha⁻ ¹) 

and has the longest payback period (3.62 years), which may limit its adoption among resource-constrained farmers. 

These results offer valuable insights for farmers and policymakers in prioritizing CSA technologies based on their 

economic feasibility and return potential. 

Economic calculations over a six-season time horizon (T = 6) were performed to assess the economic viability of the 

CSA technologies, with one main cropping season per year (Table 11). The base parameters are presented in Table 10. 

The model incorporates three key sources of uncertainty. The first key source is risk of adverse growing seasons: with 

probability p, the revenue effect is reduced to a fraction β of the normal level (e.g., due to drought, flooding, or pest 

outbreaks). The second key source of uncertainty is known as learning-by-doing: technology effectiveness gradually 
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increases by a factor of λ per season as farmers gain experience. Finally, there are recurring operational costs: some 

technologies require seasonal expenditures, approximated as a fraction φ of the initial investment cost (higher for inputs 

such as seeds, bioinputs, and organic amendments, and lower for capital-intensive investments). 

Although point estimates of ROI and payback periods offer valuable insights into the economic attractiveness of 

individual CSA technologies, they may not fully capture the dynamic and uncertain nature of real-world farming 

environments. To address this, a discounted cash flow (DCF) model was developed to simulate the economic 

performance of selected CSA practices over a six-season horizon, incorporating critical uncertainties such as climatic 

shocks, learning effects, and recurring operational costs. 

Table 11 summarizes the results of this simulation, reporting net present value (NPV), ROI, and payback periods 

under both baseline and adverse yield scenarios. These results offer a more nuanced understanding of long-term 

technology viability, especially for interventions with delayed returns or high upfront costs. Technologies are 

assessed not only on their average performance but also on their resilience to poor growing seasons and operational 

scalability. 

Table 11. Return on investment in CSA technologies over six seasons, accounting for the risk of poor-yield seasons (per hectare) 
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Fertilizer micro-dosing 85 42.50 388 1,320.12 1553.1 1 1,253.49 1474.7 1 

Early maturing varieties 65 52.00 246 716.76 1102.7 1 674.51 1037.7 1 

Improved planting 45 9.00 195 715.01 1588.9 1 681.52 1514.5 1 

Organic manure 120 120.00 298 578.72 482.3 1 527.54 439.6 1 

Cover crops 110 77.00 157 198.11 180.1 2 171.15 155.6 3 

Compost application 75 75.00 137 159.85 213.1 2 136.32 181.8 3 

Biopesticides 95 95.00 155 126.52 133.2 3 99.90 105.2 3 

Solar irrigation 850 42.50 235 -71.95 -8.5 >6 -112.31 -13.2 >6 

Flood-tolerant varieties 180 108.00 123 -146.25 -81.3 >6 -167.38 -93.0 >6 

Notes: Global parameters – bad-season probability p = 0.25; bad-season factor β = 0.60; learning rate λ = 0.02 per season; discount rate r = 0.10 per season; horizon T = 6 

seasons. The recurrent-cost fractions φ are technology-specific. The NPV is reported in USD/ha, and the ROI is calculated as NPV/C₀  × 100%. Payback reports the first 

season when the discounted cumulative net benefits equal or exceed C₀ . ‘2 adverse seasons” scenario assumes exactly two adverse seasons (2 and 4). 

Improved planting methods, fertilizer micro-dosing, and early maturing varieties are recouped within one to two 

seasons, and a high ROI is maintained even under adverse growth conditions (Table 11). Technologies with high 

recurring input costs (organic amendments, compost, and bioinputs) remain economically viable. Solar-powered 

irrigation is profitable primarily over longer time horizons and under low-cost financing conditions; however, its 

payback period remains extended. Risk mitigation related to poor yield seasons and the positive effects of learning-

by-doing significantly improve profitability trajectories. Therefore, to ensure short-term liquidity, an optimal 

strategy involves combining quick-return CSA technologies with gradual adoption of more complex and capital-

intensive practices. 

4- Discussion 

Numerous CSA initiatives have been implemented across the Fergana region in recent years, reflecting increasing 

national commitment and donor interest in sustainable intensification within irrigated agroecosystems. These efforts 

span a wide range of interventions, from irrigation modernization and greenhouse innovation to institutional reforms 

in water governance and digital agricultural services. To contextualize the present study within this evolving policy 

and project landscape, Table 12 synthesizes the key CSA initiatives in Uzbekistan’s Fergana region, detailing their 

implementation periods, geographic coverage, technological components, outcome indicators, and performance 

metrics. The projects listed reflect various entry points into CSA programming, ranging from farm-level 

technologies (e.g., drip irrigation, pest management) to system-level enablers (e.g., water user associations and smart 

extension models). 
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Table 12. Climate-smart agriculture technologies adopted in the Fergana region: components, indicators, and outcome metrics 

Project Period 
Geographic 

distribution 
CSA 

Reported outcomes and 

indicators 

Improvements in performance 

(baseline–endline) 

Data 

Source(s) 

Smart Farming for the Future 

Generation 
2020–2025 

Andijan, Namangan, and 

Fergana, including 

Novkent and Yuksalish 

villages 

Greenhouse CSA packages: drip 

irrigation and fertigation; 

climate management; IPM/pest 

traps; digital skills and market 

access; nutrient and water 

monitoring (pH/EC meters) 

20 household greenhouses 

upgraded; 60 farms benefited by 

2025, around 65% women 

beneficiaries; improved input-use 

efficiency (water, fertilizers); safer 

agrochemical handling (gender-

responsive training) 

20 upgraded greenhouses (from 0); 

more 60 direct beneficiaries (67% 

women); improved water/fertilizer 

efficiency; enhanced safety in 

agrochemical use 

[9, 89-92] 

Digital Villages Initiative in 

the Fergana Region 
2023-ongoing Novkent, Yuksalish 

Smart greenhouses; digital tools 

and services; market access; 

training and twinning; water smart 

greenhouse practices 

Qualitative evidence of adoption, 

case stories, and integration with 

the Smart Farming project 

Adoption of smart greenhouse 

technology and digital services 
[89, 91] 

World Bank – Ferghana 

Valley Water Resources 

Management Project Phase II 

2017–2026 

(extended) 
Fergana Region 

Irrigation and drainage 

modernization (143 km of canals, 

578 distribution structures, 494 

wells, and 13 pumping stations); 

EU TA on WUAs, volumetric 

O&M payments, and solar pumps; 

digitalization and water accounting 

Irrigation service quality improved 

on 48,410 ha (47% of area); 33,689 

farmers gained benefits by August 

2024; scheme efficiency targeted 

from 60% to 80%; energy use 

reduced via pump modernization 

Irrigation efficiency increased from 

around 60% to 80%; 48,410 ha served 

(up from 0); 33,689 beneficiaries 

reached (up from 0) 

[93, 94] 

Notes: CSA, climate-smart agriculture; WUA, Water Users Association; WUE, water use efficiency; ICWC, Interstate Commission for Water Coordination; KRASS, National Association of Farmers’ Water User 

Associations of Uzbekistan; IWMI, International Water Management Institute; ICARDA, International Center for Agricultural Research in the Dry Areas; WLE, CGIAR Research Program on Water, Land and 

Ecosystems; DVI, Digital Village Initiative. 

Although state-mandated quotas for cotton and wheat have been formally abolished in Uzbekistan since 2020, the 
agricultural sector has been shaped by enduring state involvement in land use decisions, irrigation management, and 
procurement practices. These legacy structures rooted in decades of centralized planning continue to influence what 
crops are grown, how inputs are allocated, and how market access is structured. In the Fergana Region, over 70% of 
arable land is still informally aligned with state-preferred crops, and the irrigation infrastructure is managed centrally. 

Such institutional realities significantly affect the feasibility and scalability of CSA. Therefore, the discussion of our 
results is framed within this hybrid policy environment, in which formal liberalization and operational centralization 
coexist. This allows for a more grounded interpretation of the findings, particularly regarding the variation in adoption 
intensity and observed barriers to technology uptake. 

While the aforementioned initiatives demonstrate progress in promoting CSA adoption, most report only descriptive 
or intermediate outcomes, with limited rigorous assessments of economic returns, environmental co-benefits, or long-

term scalability. Few studies have provided farm-level quantitative data suitable for impact evaluation. This underscores 
a critical gap that the current study addresses: by combining robust empirical analysis with comprehensive household-
level data, the authors move beyond project-specific reporting to deliver generalizable evidence on the productivity, 
profitability, and sustainability impacts of CSA in ICA in Central Asia. 

Survey responses and qualitative interviews indicate that adoption decisions are shaped not only by cost-benefit 
calculations but also by farmers’ perceived compatibility of technologies with established production systems and social 

norms. For example, cover crops, despite their well-documented agronomic benefits, are often perceived as misaligned 
with dominant cotton-wheat rotations. Farmers voiced concerns regarding competition for water and nutrients, disruption 
of irrigation cycles, and uncertainty regarding operational feasibility under local regulatory and climatic conditions. 
These perceptions suggest that adoption is constrained by both the lack of agronomic familiarity and the absence of a 
cultural precedent, which limits the cognitive legitimacy of such practices in local farming logic. 

This study provides empirical evidence of the significant positive impacts of CSA technology adoption on agricultural 

productivity and environmental outcomes in Uzbekistan’s intensive cotton-wheat farming systems. Substantial variation 
in adoption patterns was observed, with fertilizer micro-dosing and organic manure application being the most widely 
implemented practices, whereas cover crops, intercropping, and flood-tolerant varieties remained underutilized. These 
patterns align with the global trends reported by [34, 41, 57], who found that farmers tend to prioritize technologies 
delivering immediate and tangible benefits over those requiring long-term investments or major changes to established 
farming practices. 

The quantitative analysis revealed that CSA technology adoption is associated with substantial productivity gains. 
Regression models explain 57.3% and 61.8% of the variation in cotton yield and farm income, respectively, indicating 
a strong explanatory power. Fertilizer micro-dosing has emerged as the most impactful practice, increasing cotton yields 
by 245.8 kg ha⁻¹ yr⁻¹ and farm income by 387.6 USD ha⁻¹ yr⁻¹. These results are consistent with the findings from 
Kapoor and Pal [88] in semi-arid Karnataka, who documented significant income improvements following CSA 
adoption, although the magnitude of the impact in Uzbekistan’s irrigated systems appears greater than in rainfed 

environments. The strong performance of soil fertility management practices, particularly fertilizer micro-dosing and 
organic manure application, supports earlier evidence in Ethiopia [95] where soil health-enhancing technologies were 
identified as key components of smallholder resilience strategies. 

The results indicated substantial environmental benefits associated with the adoption of CSA technology, with key 
practices reducing soil erosion scores by 0.28 to 0.34 points. These findings provide empirical support for long-standing 
theoretical assertions regarding CSA’s environmental advantages of CSA. Compost application and organic manure use 
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exhibit the strongest soil conservation effects, reducing erosion by 0.31 and 0.34 points, respectively, which is consistent 
with the findings of Zuma-Netshiukhwi et al. [20], who emphasized the positive impacts of organic matter-based 
practices on soil health. A positive association was observed between CSA adoption and water quality improvement, 

with correlation coefficients ranging from 0.22 0.41. This aligns with European studies [49] that documented similar 
environmental co-benefits from climate-smart agricultural practices. 

Analysis of adoption intensity reveals a clear performance gradient: farms classified as high adopters (6+ 
technologies) achieve 71% higher income per hectare and 43% greater crop yields than those classified as low adopters 
(1-2 technologies). This pattern underscores the cumulative benefits of integrating multiple CSA technologies, 
supporting the holistic approach advocated by Saran et al. [31], and implying synergistic interactions among practices. 

Furthermore, resource use efficiency increases by 48% among high adopters (from 1.95 to 2.89), demonstrating the 
potential of CSA to reconcile agricultural intensification with sustainability goals, thereby addressing the trade-off 
highlighted in Pretty et al. [66]. 

However, the uptake of advanced technologies is limited, with only 25% of farmers achieving high adoption levels 
for solar-powered irrigation and 12% to cover crops. This reflects the persistent barriers that have been widely 
documented in literature. The findings of this study are consistent with those of Ishtiaque et al. [96] and Pedersen et al. 

[97], who identified financial constraints, technical complexity, and institutional barriers as key impediments to the 
widespread adoption of CSA technologies. The high implementation cost of solar-powered irrigation (850 USD ha⁻ ¹) 
and its extended payback period of 3.62 years illustrate the significant capital limitations faced by smallholder farmers 
in developing countries. 

Unlike the prior researches mostly focused on individual factors and aspects [19, 57] of sustainable agriculture and 
adoption technologies in Asia [97-102], in rainfall-dependent systems in Africa [104-108], the present study provides 

complex contributions based on primary data, multi-season estimations, and strict analysis of economic efficiency. This 
study provides over 6 seasons ROI and payback periods for CSA technologies, and develops targeted policy instruments 
for irrigated agriculture. 

4-1- Theoretical Contribution 

This study advances the theoretical foundation for agricultural development by refining and expanding existing 
paradigms through empirically grounded findings.  

First, the results confirm that CSA adoption exerts a synergistic effect on enhancing productivity, agricultural 

resilience, and environmental sustainability. Quantitative verification of the positive impact of CSA practices on yield, 
income, resource-use efficiency, soil conservation, and water quality provides a robust methodological basis for further 
advancement of scientific knowledge in the field of CSA.  

Second, the study clarifies the behavioral strategies of Uzbek farmers within the context of a distinct institutional 
environment, characterized by limited access to information, advisory services, and financial resources, as well as 
substantial state influence over decision-making in agriculture. These factors shape unique local patterns of technology 

adoption, determining both the pace and sequence of implementing climate-smart practices in irrigated systems.  

Third, within the framework of agricultural intensification theory, this research specifies the relationship between the 
intensity of CSA adoption and agrarian performance. It demonstrates that adopting six or more CSA practices is 
associated with nonlinear gains in productivity and resource efficiency with significant implications for modeling 
marginal technology efficiency and optimizing agricultural policy.  

Finally, this study presents an evaluation of CSA effectiveness in irrigated agroecosystems of Central Asia, a region 
with a unique institutional and environmental context conducive to the development of smart agriculture technologies. 
Thus, it extends the universality of CSA theoretical constructs and demonstrates their applicability across diverse 

agroecological and socioeconomic settings.  

4-2- Practical Implications 

These findings carry significant implications for policymakers, agricultural extension systems, and development 
practitioners operating within the agroecological landscapes of Asia. The exceptionally high ROI demonstrated by 
fertilizer micro-dosing (456% ROI, 0.22-year payback) and improved planting methods (433% ROI, 0.23-year payback) 
suggest that these technologies should be prioritized in extension programming and farmer training initiatives. Their 
short payback periods make them particularly well suited to resource-constrained holder farmers who depend on rapid 

financial returns to sustain adoption and reinvestment. 

This study offers evidence-based guidance for government agencies and development organizations for the strategic 
allocation of resources in agricultural development programs. The substantial income gains associated with 
comprehensive CSA adoption (71% higher income for high adopters) highlight the potential of these technologies to 
reduce rural poverty and achieve food security goals. However, the high upfront costs of certain technologies, such as 
solar-powered irrigation (850 USD ha⁻ ¹), underscore the need for targeted financial support mechanisms. These may 

include subsidized credit schemes, grant programs, or innovative financing models such as pay-as-you-go solar systems, 
which can lower entry barriers and improve small-scale producers’ accessibility. 
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Given the cumulative performance benefits demonstrated by high adopters, extension service providers should 
prioritize the promotion of integrated technology packages over isolated practices. The strong effectiveness of organic-
matter-based technologies (compost and manure application) assumes opportunities to align CSA initiatives with 

livestock development and waste management programs, enabling more holistic and synergistic rural development 
strategies. 

For farmers, the findings provide a clear economic rationale for investing in CSA technologies, particularly in soil 
fertility management practices that deliver both immediate productivity gains and long-term environmental benefits. The 
documented improvements in soil conservation and water quality indicate that CSA adoption can serve as a practical 
approach for sustaining farm productivity over time while meeting increasingly stringent environmental regulations. 

This study also reveals important implications for agribusiness and input supply chains, highlighting opportunities 
for precision application equipment, organic fertilizer production, and climate-resilient seed varieties. The high adoption 
rates observed for certain technologies imply that existing demand can support expanded commercial availability, greater 
competition, and reduced input costs through economies of scale. 

4-3- Limitations and Recommendations for Future Studies 

This study is subject to several methodological, measurement, and institutional limitations that should be considered 

when interpreting results and designing subsequent empirical or applied research. 

First, existing systems for agricultural statistics and sectoral information support largely inherit practices from the 

centralized planned economy, increasing the risk of systematic biases in output, labor productivity, and production cost 

estimates. Incomplete and inconsistent primary records, data updating delays, heterogeneous definitions and 

methodologies, and the limited verifiability of field-level indicators reduce the accuracy of impact assessments and 

complicate cross-regional comparisons. The lack of reliable market information further constrains farmers’ ability to 

adapt production and marketing strategies to volatile market conditions. These shortcomings also hinder the development 

and validation of evidence-based policy interventions tailored to actual sectoral impact. 

Second, the study design limited the rigorous identification of causal relationships between the adoption of CSA 

practices and observed agricultural, economic, and environmental outcomes. Unobserved farm-level characteristics 

(such as management quality, entrepreneurial skills, or access to resources) may be correlated with the adoption of CSA 

technologies and performance outcomes. Future research should employ longitudinal panel data with intra-seasonal 

detail, quasi-experimental designs (e.g., natural experiments and phased program rollouts), and randomized controlled 

field trials to mitigate such biases where feasible.  

Third, the sample is representative of conditions in the Fergana Valley, which is characterized by high irrigation 

coverage, specific water distribution regimes, and dominance of cotton-wheat crop rotations. Consequently, 

extrapolation of the findings to rainfed areas, different farming systems, or distinct socioeconomic contexts requires 

validation using comparable datasets from other regions of Uzbekistan and Central Asia. 

Fourth, the environmental components relied primarily on erosion vulnerability indicators and localized water quality 

markers. Long-term watershed-scale monitoring, flow-weighted sampling, comprehensive nutrient balances, and 

systematic greenhouse gas (GHG) accounting are not available. These factors restrict the ability of irrigated systems to 

detect potential unintended consequences (nitrogen or phosphorus leaching, secondary salinization, or soil structural 

degradation) and delayed effects arising from large-scale technology adoption. 

Fifth, economic viability estimates for certain practices, particularly fertilizer microdosing, were derived mainly from 

medium- and large-scale farms. When applied to smaller operations or different organizational configurations, factors 

such as input logistics, dosage calibration precision, application quality control, labor motivation, and access to 

specialized equipment and services may change significantly. These variables can either enhance or diminish returns, 

underscoring the need for targeted studies on technological scalability and sustainability across farm typologies. 

Sixth, an in-depth analysis of adoption barriers for less widely used technologies (cover crops and solar-powered 

irrigation) was not feasible because the proportion of farms implementing these practices within the sample was too low 

to achieve sufficient statistical power for multivariate modeling or subgroup analyses. 

Recognizing that Uzbekistan’s agricultural sector still operates under considerable state influence, especially in terms 

of irrigation access, land use regulation, and pricing, policy reforms should be planned and designed for gradual 

implementation. Recommendations such as diversifying crop rotation and expanding private market access should be 

considered medium- to long-term goals that are compatible with the current hybrid system of partial liberalization. While 

our analysis controls for observable farmer characteristics, we acknowledge the potential for unobserved heterogeneity 

in managerial ability or motivation, which may influence both CSA adoption and outcomes. Future studies using panel 

data or experimental designs would be well positioned to disentangle these effects. 

Although our findings point to the environmental co-benefits of CSA adoption, we recognize that potential negative 

externalities, such as nutrient leaching, were not directly measured. Future studies employing biophysical monitoring or 

simulation models would help assess these aspects more rigorously. 
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5- Conclusion 

This study provides compelling empirical evidence that the adoption of CSA technologies significantly enhances 

agricultural productivity and environmental sustainability in Uzbekistan’s irrigated systems. Based on a comprehensive 

analysis of 175 farms across Fergana Valley, CSA technologies deliver substantial economic returns and measurable 

environmental co-benefits. Fertilizer micro-dosing and organic manure application were the most successful practices, 

achieving high adoption rates of 67% and 58%, respectively, while generating exceptional financial performance. 

Fertilizer micro-dosing exhibits the strongest impact, increasing cotton yields by 245.8 kg ha⁻¹ yr⁻¹ and farm income by 

387.6 USD ha⁻¹ yr⁻¹, with a return on investment of 456% and a payback period of just 0.22 years. These findings 

establish soil fertility management as a cornerstone for effective CSA implementation in the region. This study further 

demonstrates the cumulative benefits of adopting comprehensive technology. Farms implementing six or more CSA 

technologies achieve 71% higher income per hectare, 43% greater crop yields, and 48% improved resource-use 

efficiency compared with low adopters. This indicates that CSA outcomes are maximized through integrated technology 

packages rather than through the isolated adoption of individual practices. The environmental benefits were also 

significant; compost application, organic manure use, and cover cropping reduced soil erosion scores by 0.31, 0.34, and 

0.26 points, respectively. These results confirm that the climate-smart agriculture framework can achieve productivity 

enhancement and environmental conservation, thus challenging the notion of an inherent trade-off between 

intensification and sustainability. However, adoption of capital-intensive technologies remains limited. The low uptake 

of cover crops and intercropping (only 12% of farms achieved high adoption) and the substantial implementation cost 

of solar-powered irrigation (850 USD ha⁻¹) highlight the financial constraints faced by resource-limited farmers. 

These findings underscore the need for differentiated and targeted CSA promotion strategies for policymakers. High-

return, low-cost practices such as fertilizer micro-dosing and improved planting methods should be prioritized for rapid 

scaling through extension services and farmer training programs. In contrast, capital-intensive technologies, such as 

subsidized credit, grants, or pay-as-you-go financing, require financial mechanisms to overcome initial investment 

barriers. The results provide a strong economic rationale for public investment in CSA extension systems and 

demonstrate the potential of these technologies to meaningfully contribute to food security and environmental 

sustainability goals. Overall, this study establishes climate-smart agriculture as a viable and economically attractive 

pathway for sustainable development of irrigated farming systems in Central Asia. Findings across the productivity, 

economic, and environmental dimensions support increased CSA investment and policy backing, offering a synergistic 

strategy to enhance rural livelihoods while addressing pressing environmental challenges. 
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Appendix I 

Climate-Smart Agriculture (CSA) Survey and Field Measurement Protocol in Uzbekistan 

Introduction and Consent 

Purpose: To assess the adoption of climate-smart agriculture (CSA) technologies and the associated production and 

environmental indicators. All responses were kept confidential and anonymized. Participation in the study was 

voluntary. 

Informed consent: ☐ Yes   ☐ No (Terminate interview if “No”.) 

Section A. Identification and Farm Characteristics 

A0. Head-of-Household (HH) 

A0.1 Age (years): ________ 

A0.2 Gender: ☐ Male (1)   ☐ Female (2) 

A0.3 Educational level: ☐ No education (1), ☐ Primary (2), ☐ Secondary (3), ☐ Tertiary (4), ☐ Koranic (5) 

A1. City, district, village  

A2. Farm type  

A3. Farm size  

A3a. Cultivated area this season (ha)  

A4. Share of the irrigated land (%)  

A5. Main crops (share of area, %) cotton __ / wheat __ / vegetables __ / fruits, livestock, mixed __ 

A6. Soil salinity (self-report or agro test) ☐ Low ☐ Medium ☐ High ☐ Unknown 

A7. Years of farming experience (HH) ________ 

A1.1 Household size (members) ________ 

A1.2 Land-ownership status ☐ Owner (1) ☐ Leased (2) ☐ Inherited (3) ☐ Don’t own (4) 

A8. Access to credit/subsidies for CSA during the last season ☐ Yes ☐ No   If Yes — program/bank: ________ 

Access to government funding/benefits/subsidies  

Section B. CSA Technology Adoption (reference season) 

Mark practices were used and indicate scale/intensity. Include binary adoption (1/0) and scale. 

Practice 
Adopted 

(1/0) 
Area / Share Years of use / Details Notes 

B0.1 Crop rotation □ 1  □ 0 Area (ha): __ Rotation scheme:  

B0.2 Cover crops / intercropping □ 1  □ 0 Area (ha): __ Species: __  

B0.3 Diversification of crops □ 1  □ 0 Minor crop share (%): __ Number of crops (≥3?): □ Yes / □ No  

B0.4 Agroforestry □ 1  □ 0 Area (ha): __ Species/row spacing: __  

B0.5 Improved/stress-tolerant varieties □ 1  □ 0 Share of the area (%): __ Crop: __  

B0.6 Conservation tillage (reduced/zero) □ 1  □ 0 Area (ha): __ —  

B1. Fertilizer micro-dosing □ 1  □ 0 Area (ha): __ Years of use: __  

B2. Organic amendments/compost □ 1  □ 0 Area (ha): __ Rate (t/ha): __  

B6. Irrigation technology — Area (ha): __ ☐ Drip ☐ Solar pump ☐ Surface/furrow  

B7. DSS/sensor scheduling □ 1  □ 0 — Water/nutrient DSS or sensors  

B8. Climate/extension services during this season □ 1  □ 0 — 
Channel: ☐ In-person ☐ Mobile ☐ 

Radio ☐ Other: __ 
 

Section C. Production Practices 

C1. Nutrient application rates (kg/ha) —  N __ / P₂O₅ __ / K₂O __ 

C1. Nutrient application rates (kg/ha) — N __ / P₂O₅ __ / K₂O __ 

C2. Sowing dates (dd.mm) Cotton __ ; Wheat __ 

C3. Number of irrigation (per season) Cotton __ ; Wheat __ 

C4. Mechanization ☐ Own machinery ☐ Rented ☐ None 
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Section D. Socioeconomic indicators and perceptions 

D1. Labor employed __ 

D2. Crop income last season (USD/ha) Cotton __ ; Wheat __Other 

D3. Membership in cooperatives/associations ☐ Yes ☐ No 

D4. Perceived climate change and variability ☐ Yes (1) ☐ No (0) 

D5. Access to climate advisory information (12 months) 
☐ Yes (1) ☐ No (0) — Channel: ☐ Extension ☐ SMS/app ☐ Radio/TV ☐ 

Farmer group ☐ Other: __ 

Section E. Risk Perceptions and General Barriers 

E1. Top barriers to CSA (choose up to three): ☐ Capital costs, ☐ Technical complexity, ☐ Information/skills deficit, 

☐ Water limits, ☐ Institutional constraints, ☐ Other: ________ 

E2. Willingness to scale CSA if a 20% CAPEX subsidy is offered: ☐ Yes ☐ No ☐ Unsure 

Section E2. Cultural Perceptions, Knowledge, and Institutional Constraints (Less-popular technologies: CC, and SI) 

Use Likert 1–5, where 1 = strongly disagree/unfamiliar and 5 = strongly agree/deep knowledge. 

E2.1 Awareness — Familiarity with 
CC (1–5) 

__ ; Sources: ☐ Neighbors ☐ Extension ☐ Demo ☐ Dealer ☐ Media ☐ NGO ☐ Other: __ 

E2.1 Awareness — Familiarity with 

SI (1–5) 
__ 

E2.2 Norms — “CC is not 

customary” (1–5) 
__ ; SI is not customary (1–5): __ ; Leaders approve CC/SI (1–5): __ 

E2.2 Norms — Calendar conflict  

(1–5) and Reputation concern (1–5) 
__ ; __ 

E2.3 Knowledge/Self-efficacy/ 

Know CC species (1–5) 

__ ; Know CC calendar (1–5): __ ; Can size SI (1–5): __ ; Can operate/maintain SI (1–5): __ ; Can access advice 

(1–5): __ 

E2.4 Institutional — Land tenure 

(Yes/No; severity 1–5) 

__ ; Quota constraints (Yes/No; severity 1–5): __ ; Water-rotation misaligned (Yes/No; severity 1–5):                                         
__ ; Market/certification barriers (Yes/No; severity 1–5): __ ; Service/parts (SI) (Yes/No; severity 1–5): __ ; 

Import/credit (SI) (Yes/No; severity 1–5): __ 

E2.5 Practical obstacles — CC 
☐ Seed availability ☐ Specialized equipment ☐ Timing conflicts ☐ Pest/disease risk ☐ Knowledge gap ☐ Other: __ 

; Perceived income risk (1–5): __ 

E2.5 Practical obstacles — SI 
☐ Feasibility study ☐ Theft/vandalism ☐ Winter/overcast performance ☐ Lack of service ☐ Other: __ ; Perceived 

income risk (1–5): __ 

E2.6 Intention — Plan to adopt 

within 12 months 

CC: ☐ Yes ☐ No ☐ Unsure; SI: ☐ Yes ☐ No ☐ Unsure; Conditions: ☐ ≥20% CAPEX subsidy ☐ ≥5% price premium 

☐ Free training ☐ Local demo ☐ Service ≤30 km ☐ Other: __ 

Section F. Field Measurements (to be completed by the researcher) 

F1. Soil erosion (visual score 0–5) __  (0 = no evidence; 5 = severe rill/gully). Method: visual scoring + micro-relief (cm) 

F2. Water quality (peak irrigation) pH __ ; EC (µS/cm) __ ; NO₃ ⁻ -N (mg/L) __ ; TDS (mg/L) __ ; Sampling point: ☐ Main canal ☐ Field ditch ☐ Well 

F3. Phenological observations BBCH stage __ ; canopy cover (%) __ ; plant height (cm) __ 

Section G. Yields (last season) 

G1. Cotton yield (t/ha): __   Source: ☐ farm books ☐ weighing ☐ estimate 

G2. Wheat yield (t/ha): __   Source: ☐ farm books ☐ weighing ☐ estimate 

Section H. Follow-up 

H1. Willing to participate in follow-up verification visits: ☐ Yes ☐ No   Contact: ________ 

Section I. Analytical Questions 

I1. Selection bias and performance bias 

I1.1 Average yields over last 3 seasons before current adoption — Cotton/Wheat (t/ha) Cotton __ ; Wheat __ (source: records if available) 

I1.2 Agreement (1–5): My pre-adoption performance influenced my decision to adopt 

multiple CSA technologies. 
__ 

I1.3 Access to extension before adoption (visits/month) __ ; Access to credit before adoption: ☐ Yes ☐ No 

I1.4 Counterfactual this season if not adopted ☐ Lower ☐ Same ☐ Higher ☐ Unsure 
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I2. Scalability of fertilizer micro-dosing returns 

I2.1 Current farm size (ha); area under micro-dosing (ha); 

feasible expansion for the next season (ha) 
__ ; __ ; __ 

I2.2 Main constraints to micro-dosing scaling (up to 3) 
☐ Labor ☐ Training/supervision ☐ Input supply/logistics ☐ Measurement/precision 

equipment ☐ Record-keeping ☐ Other: __ 

I2.3 Estimated ROI at the current scale (%) 
__ ; Expected ROI if scaled to ≥80% of arable area: ☐ Increases ☐ Unchanged ☐ 

Decreases ☐ Unsure — Reason: __ 

I3. Potential negative side effects (including nutrient losses) 

I3.1 Side effects observed? ☐ Yes ☐ No — If Yes: ☐ Nitrate leaching ☐ Pest/disease shifts ☐ Lodging ☐ Soil crusting ☐ Other: __ 

I3.2 Mitigation practices 
☐ Split applications ☐ Buffer strips/grass waterways ☐ Cover crops ☐ Adjusted irrigation scheduling ☐ 

Soil testing/calibration ☐ Other: __ 

I3.3 Are water-quality test results available 

(last 12 months)? 
☐ Yes (attach) ☐ No 

I4. Longitudinal study participation and expectations 

I4.1 Consent to be tracked over multiple seasons ☐ Yes ☐ No 

I4.2 Expected learning effects over time (1–5) and expected adaptation (brief) __ ; __ 

I4.3 Seasonal shocks that could alter year-to-year outcomes ☐ Yes ☐ No — Specify: __ 

I5. Policy feasibility within current agricultural governance (cotton/wheat quota and water schedules) 

I5.1 Do delivery obligations/quotas limit rotation change 

or cover crops? 
☐ Yes ☐ No ☐ Not applicable — Explain: __ 

I5.2 Are water-allocation schedules compatible with 

CSA timing (e.g., cover crops, fertigation)? 
☐ Yes ☐ No ☐ Partly — Details: __ 

I5.3 Feasibility on your farm under current policies (1 

very infeasible – 5 very feasible) 

(a) Micro-dosing __ ; (b) Cover crops __ ; (c) Drip/solar irrigation __ ; (d) Conservation tillage 

__ ; (e) DSS/sensors __ 

I5.4 Most helpful policy instruments (select up to 3) 
☐ CAPEX subsidies ☐ Input vouchers ☐ Guaranteed market/premium ☐ Irrigation schedule 

flexibility ☐ Extension/mentoring ☐ Low-interest credit ☐ Tax incentives ☐ Other: __ 

 


